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We have used an electron beam ion trap to observe a visible line at 598.3013 nm that corresponds to the
4d9 2D3/2−4d9
2D5/2 magnetic dipole transition within the ground state configuration of Xe9+. We have found
no evidence to support the claim by others that a line near this position originates from Xe31+. The comparison
of the measured wavelength with previous indirect experimental values, and the dependence of the line
intensity on the electron beam energy, confirms the validity of the present identification. Our measured wave-
length is in agreement with semiempirical Hartree-Fock calculations but shows a discrepancy with ab initio
multiconfiguration Dirac-Fock calculations. We propose that the line may be useful as a diagnostic for extreme
ultraviolet lithography light sources.
DOI: 10.1103/PhysRevA.73.052505 PACS numbers: 32.30.Jc, 31.15.Ar, 85.40.Hp, 31.30.Jv
I. INTRODUCTION
Energy level separations in the ground state configura-
tions of multiply charged ions offer both theoretical chal-
lenges and practical plasma diagnostic applications 1–10.
Both laboratory and astrophysical plasma studies can take
advantage of magnetic dipole or higher order transitions tak-
ing place within the ground term. Recent interest in extreme
ultraviolet radiation EUV for lithographic applications by
the microelectronics industry has made xenon plasmas and
medium charge state xenon ions the focus of several research
investigations 11. Since the EUV lines used for these ap-
plications originate primarily from Xe10+ ions, visible lines
in nearby charge states can provide useful diagnostics.
The energy separation between the 4d9 2D3/2 and
4d9 2D5/2 ground term levels of Rh-like xenon has been pre-
dicted theoretically and indirectly inferred from measure-
ments at longer wavelengths by Kaufmann et al. 12. The
experimentally inferred value was determined from pairs of
EUV transitions that originate from the same upper state, but
decay to either one or the other ground state level. These
high precision EUV measurements were carried out using a
xenon puff triggered high voltage arc source 12. In a later
investigation, the same datasets were analyzed by Churilov
et al. 13. The authors were able to reduce the experimental
error bars by a factor of two, but the value still remained
within the estimated limits of the predicted theoretical value.
Our ab initio calculations provide a different theoretical re-
sult that falls well outside the error bars on the experiment.
In the present work, we report the direct observation of
the 4d9 2D3/2-4d9
2D5/2 M1 transition using the electron
beam ion trap EBIT at the National Institute of Standards
and Technology. The origin of the line was definitively iden-
tified in the spectrum of multiply charged xenon by mapping
out the electron energy dependence near the threshold for
creating Xe9+ ions.
II. EXPERIMENTAL SETUP
Inside the EBIT, a high density electron beam creates
multiply charged ions and assists a 3 T Penning trap to con-
fine them 14. The rather sharp longitudinal energy distribu-
tion of the electron beam allows the mapping of the energy
dependence of resonant and threshold processes 15.
Visible lines emitted from the trap were analyzed using a
0.3 m Czerny-Turner grating monochromator 2 with the
exit slit replaced by a charge-coupled device CCD detector.
With the 1200 grooves per mm grating used in this investi-
gation, the entire visible wavelength range can be covered
with about five CCD images.
Neutral xenon gas was injected through a set of apertures
mounted on one of the side ports of the EBIT. The electron
beam energy was varied between 100 and 500 eV to map the
energy region around the ionization potential of Xe8+. This
beam energy is relatively low compared to that for which the
EBIT was designed, so it was operated with considerably
less beam current under 1 mA than is typical at higher
energies. Figure 1 shows the spectrum at 220 eV electron
energy. The inset was taken with no Xe gas injection under
the same EBIT conditions, thus providing evidence that the
line originates from xenon. Higher electron beam energy
measurements were also taken to establish the wavelength
calibration as described in the following section.
III. WAVELENGTH CALIBRATION
In order to identify the 4d9 2D3/2-4d9
2D5/2 M1 Xe9+ line
near 598 nm, we calibrated our spectrometer using lines
from a mercury spectral lamp and known lines of Xe1+ from
the EBIT. The singly charged xenon lines were recorded at
8 keV electron beam energy with high electron beam cur-
rents on the order of 150 mA. The lines used for the cali-
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bration were chosen to lie on both sides of the candidate
















The strong mercury lines at 576.96 nm and 579.067 nm
wavelengths 17 helped to establish the wavelength calibra-
tion across the whole region observed on a single CCD im-
age. The mercury lamp situated on the EBIT observation port
opposite to the grating spectrometer was focused into the
position of the electron beam in the center of the machine.
This setup allowed us to observe the mercury lines without
any change in the spectrometer or in the optical setup used
for the measurement of the lines from the EBIT. The CCD
channels were calibrated for wavelength using a second or-
der polynomial function.
As part of our assessment of the systematic errors, we
compared the wavelengths of the 4d9 2D3/2 -4d9
2D5/2 line
determined at different electron beam energies and at differ-
ent gas pressures. Figure 2 shows the line positions at differ-
ent electron beam energies. Our estimate for a possible sys-
tematic error is 0.08 nm. The uncertainty from the
wavelength calibration and the statistical uncertainty in the
line position is 0.1 nm. Our overall combined uncertainty for
the 4d9 2D3/2 -4d9
2D5/2 line position is 0.13 nm.
IV. RESULTS
Table I shows the separation of the 4d9 2D3/2 and
4d9 2D5/2 levels in Xe9+. Our experimental result is
598.3013 nm and it is slightly higher than the indirect mea-
surement by Churilov et al. The two results agree, however,
to within their error limits.
The theoretical calculations shown in Table I are semi-
empirical Hartree-Fock values obtained by Kaufman et al.
12 and our present multiconfiguration Dirac-Fock MCDF
result. The authors of the semiempirical Hartree-Fock calcu-
lations estimated a 0.7 nm uncertainty in their results based
on fits to ground term experimental data along the Rh-like
isoelectronic sequence. Their values are in reasonable agree-
ment with the experimental results. Our ab inito MCDF cal-
culation predicts a longer 605.07 nm wavelength and shows
a larger discrepancy with the measured data. Details about
the theoretical calculations are given in the next section.
There have been reports in the literature of another line in
this wavelength region observed with the Livermore EBIT at
higher electron beam energies. However, this line was iden-
tified as a transition within the ground term configuration of
Xe31+ 18,19. The reported 598.40100 nm wavelength is
the same as our measured 598.3020 nm value for the
4d9 2D3/2 -4d9
2D5/2Xe9+ transition, to within the experimen-
tal uncertainties. Our measurement for the energy depen-
dence of the line intensity rules out that the line we observed
TABLE I. Experimental and theoretical values for the 4d9 2D3/2 -4d9
2D5/2 splitting in Xe9+.
Transition Experiment Theory
4d9 2D3/2−4d9
2D5/2 Churilov et al. 3 This work HF semi-empirical
Kaufman et al. 2
MCDF
Kim 4
597.9136 nm 598.3013 nm 597.37 nm 605.07 nm
FIG. 1. Spectrum around the 598 nm region with and without
xenon gas injection at 220 eV electron impact energy.
FIG. 2. Line positions at different electron impact energies.
One-sigma statistical uncertainties are shown as error bars on the
individual points; the estimated systematic uncertainty is 0.08 nm.
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originates from Xe31+, however, since it appears at electron
energies well below the ionization threshold for Xe30+. The
energy dependence of our measured line intensity is shown
in Fig. 3. The dependence is in accordance with the assump-
tion that the line originates only from Xe9+.
V. THEORETICAL
The semiempirical Hartree-Fock value by Kaufman et al.
12 quoted in Table I 597.37 nm±0.71 nm was obtained
by using the ratios between the Hartree-Fock value of the
spin-orbit radial integral d and the values of the integral
obtained by fitting the experimental data for Ag III through
Cs XI. They concluded that the fine-structure splitting in
Xe X was 597.56±0.71 nm based on the differences in the
experimental wavelengths.
The wavelength of 598.30 nm corresponds to 16709 cm−1
in wave number. The theoretical wave number calculated
from Dirac-Fock wave functions without taking into account
electron correlation is 16532 cm−1, while the wave number
from multiconfiguration Dirac-Fock MCDF wave functions
is 16 488 cm−1. For the MCDF calculation, we have used a
relativistic equivalent of two nonrelativistic correlation
configurations—4d75p2 and 4d74f2—in addition to the refer-
ence configuration of 4d9. The fact that the answer from the
correlated wave functions is less accurate than that from the
uncorrelated wave functions is an indication that many more
correlation configurations must be used.
The calculation of this fine-structure splitting involves
taking the difference between the total energies of the two
fine-structure levels. Five significant figures are lost in the
subtraction because the individual total energies are large in
magnitude while the difference is small. To match the experi-
mental wave number, MCDF calculations must include all
configurations that may affect the total energies in the eighth
and ninth significant figures. The MCDF code we have used
20 produced total energies converged to nine significant
figures in the three-configuration calculation mentioned
above. It will be necessary to include tens of thousands of
relativistic configurations in MCDF calculations involving
orbitals of high principal quantum numbers as well as core-
excited configurations to achieve the required accuracy. Such
a massive MCDF calculation is beyond the scope of the
present study.
VI. CONCLUSION
We have observed and identified the 4d9 2D3/2 -
4d9 2D5/2 magnetic dipole transition in Xe9+. The wavelength
of this transition is 598.3013 nm. Our results are in agree-
ment with a previous indirect determination of the splitting
of the 4d9 2D3/2 and 4d9
2D5/2 levels. An ab initio MCDF
calculation fails to describe the measured wavelength. We
see no evidence for a line at this wavelength from Xe31+, and
conclude that it was likely misidentified in previous reports
18,19. Because the charge state of this line is much lower
than previously reported, we propose that it be used for re-
mote diagnostics of EUV lithography light sources that op-
erate primarily on the neighboring charge state, Xe10+.
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